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To unravel the mechanism by which low level atmospheric ozone-enrichment (0.05 p,molmoh') 
increases the shelf-life of tomato fruit (Lycopersicon esculentum Mill.) by suppressing the growth of 
pathogens (Botrytis cinerea ), protein yield and composition were examined during and following exposure 
to the gas at 13°C/95% RH. Ozone-enrichment caused marked changes in protein yield and compo¬ 
sition in control tomato fruit and suppressed shifts in the proteome induced by wounding/fungal 
attack. Wound/fungal-inoculation with B. cinerea resulted in a 7% increase in protein yield, and the 
down-regulation of at least 32 proteins. A number of proteins affected under ozone and wound/fungal- 
inoculation treatments are involved in the control of cellular oxidative status. Proteins that may be 
enhanced under oxidative stress were induced during ozone exposure (e.g. thioredoxin peroxidase-TPX), 
but suppressed following transfer to ‘clean air’ (e.g. ascorbate peroxidase-APXl). Constitutively- 
expressed proteins tended to increase reversibly under ozone-treatment, however proteins involved 
in ripening such as an enzyme related to ethylene biosynthesis (1-aminocyclopropane-l-carboxylate 
oxidase-ACO) were markedly reduced in ozone-treated tomato fruit but increased in wound-inoculated 
fruit. Levels of proteins involved in carbohydrate metabolism, pentose phosphate pathway, terpenoid 
and flavonoid biosynthesis differentiated among the treatments. The presented dataset makes a central 
contribution to a comprehensive analysis of the manner in which tomato fruit react to ozone-enrichment 
and/or pathogen infection during storage/transit. 

© 2012 Elsevier B.V. All rights reserved. 


1. Introduction 

Much postharvest research has focused on improvement in 
the handling and preservation of fresh produce. There are grow¬ 
ing health and environmental concerns over current treatment 
practices due to concerns over potentially carcinogenic residues 
resulting from agrochemical inputs to preserve fresh produce and 
extend its shelf-life (Spotts and Peters, 1980). Alternative solutions 
are currently sought to minimise pre- and postharvest dependence 
on agrochemical inputs with considerable interest currently being 
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expressed in alternative, safer, ‘environmental-friendly’, sanitising 
agents, including ozone (Rice, 2002). 

Ozone is an efficient anti-bacterial and anti-viral agent that has 
been used safely in the treatment of drinking water since the 1800s. 
Several reports have cited ozone as a viable alternative to tradi¬ 
tional sanitisers (e.g. chlorine and bromide-based products) for the 
postharvest treatment of a variety of fresh fruit and vegetables (Xu, 
1999; Tzortzakis et al„ 2007). In 1997, an expert panel in conjunc¬ 
tion with the US Food and Drug Administration (FDA), gave ozone 
‘Generally Recognised As Safe’ (GRAS) status for use in direct food 
contact applications (Graham et al„ 1997) and the gas received 
official approval for use as a direct contact Food Additive in 2003. 
Legislation allowing the deployment of ozone for various applica¬ 
tions in the food sector has driven worldwide interest in hastening 
the potential afforded by the gas. 

Although the efficacy of ozone as sanitiser of fresh fruit and veg¬ 
etables is well proven, the mechanism by which the gas achieves 
this effect remains poorly understood. Previous work has shown 
that ozone affects severely sporulation of Botrytis cinerea reduc¬ 
ing the propagation of the disease and its impact on spoilage 
of fresh produce (Tzortzakis et al., 2007). Moreover ozone was 
shown to induce dramatic changes in the physiology of the fruit 
in tomato in terms of fruit response to the pathogen as suggested 

















68 


N. Tzortzakis et al. / Postharvest Biology and Technology 78 (2013) 67-75 


by the strong down-regulation of pathogen-resistant genes (Chit 
and Glue and Pdft.2) and signalling genes (Acol and Asol and Hpll) 
(Tzortzakis et al., 2011). Sarig et al. (1996) showed that moderate 
ozone-enrichment (0.2 p.mol mol -1 ) resulted in enhanced levels of 
antifungal compounds (e.g. resveratrol and pterostilbene) in table 
grapes, and this effect was associated with pronounced benefits in 
terms of ‘shelf-life’ when fruit were subsequently removed from 
the ozone-enriched environment in which they have been stored. 
Minas et al. (2010) showed that pre-inoculation exposure to ozone 
may stimulate host resistance and accumulation of phenolic com¬ 
pounds in kiwifruit. 

Work on the impacts of ozone on foliage indicates that ozone 
may influence the responses of plant tissue to a variety of biotic 
and abiotic stresses, including diseases (Tonneijck and Leone, 
1993). Thus, ozone appears to act by inducing a hypersensitive 
response (HR) in plant tissue mimicking the biochemical and 
molecular events induced by pathogens and other stress factors 
(Rao et al., 2000). Ozone has been shown to activate an oxida¬ 
tive burst in leaves, similar to plant pathogen attack, which results 
in the accumulation of reactive oxygen species (ROS) such as 
superoxide radicals (0 2 ~) and hydrogen peroxide (H 2 0 2 ) (Rao 
et al., 2000). Ozone-induced ROS are believed to activate distinct 
signalling pathways dependent on salicylic acid, jasmonic acid and 
ethylene and induce a wide array of defence reactions including 
HR-associated cell death plus the induction of PR-proteins and anti¬ 
microbial defences (Overmyer et al., 2000; Rao et al., 2000). 

Proteomics approaches including high resolution two- 
dimensional electrophoresis (2DE), in-gel proteolytic digestion of 
protein spots and protein identification by mass spectrometry (i.e. 
peptide mass fingerprinting (PMF)), are routinely used to identify 
shifts in the proteome associated with plant development, the 
reaction of plant tissues to a variety of biotic and abiotic stresses 
and quality-related aspects of fruit, salads and vegetables. Most 
studies have focused principally on rice (Oryza sativa L.) (Gammulla 
et al„ 2011; Liu et al„ 2011), barley (Hordeum vulgare L.) (Finnie 
et al., 2011), wheat (Triticum aestivum L.) (Bykova et al., 2011), 
as well as the model plant Arabidopsis Chaliana L. (Huang et al., 
2011) because of the available sequence information to facilitate 
protein identification (Rabilloud, 2000; Corpillo et al., 2004). In 
tomato (Lycopersicon esculentum Mill.), proteomics approaches 
were applied to investigate different aspects including responses 
to pathogens (Rep et al„ 2002; Dahal et al., 2009), viruses (Corpillo 
et al., 2004; Casado-Vela et al., 2006), abiotic-stresses (Chen et al„ 
2009; Hahn et al., 2011) as well as metabolism and development 
(Barsan et al., 2010; Schilmiller et al., 2010; Catala et al., 2011). 
Previous proteome reports on tomato fruit subjected to heat 
stress or blossom-end rot showed induced antioxidant processes 
(ascorbate-glutathione cycle) and the pentose phosphate path¬ 
way suggesting that these two biochemical pathways, might be 
associated with increased scavenging of reactive oxygen species 
in tomato fruit (Iwahashi and Hosoda, 2000; Saravanan and Rose, 
2004; Casado-Vela et al„ 2005). 

The rapid growth in tomato expressed sequence tag (EST) data 
resulted in the recent tomato genome sequencing (May 2012). Up to 
now, combined information from related species (including potato, 
Solarium tuberosum L.), tobacco (Nicotiana tabacum L.), watermelon 
(Citrullus lanatus L.), and A thaliana, has constituted a useful source 
of information for protein identification in tomato fruit (Saravanan 
and Rose, 2004). 

In the present study, the impacts of atmospheric ozone- 
enrichment and/or B. cinerea infection on the proteome of tomato 
fruit were investigated within the pi range 3-10 and/or 4-7. 
The presented dataset represent the first report of protein shifts 
induced under ozone and/or pathogen infection in tomato fruit and 
provides key information on the putative mechanism behind the 
ozone-induced fruit-resistance to pathogens. 
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Fig. 1. Tomato fruit were maintained in CFA ( ►) for 1 week prior to transferring 

batches of fruit to ‘clean air’ (CFA) or ozone (0.05 |xmol mol -1 ) (-►) for 1 week (a) or 
post-inoculation as wound-inoculated with B. cinerea (b). A third batch of fruit was 
exposed to ozone (0.05 p,mol mol -1 ) for 1 week then transferred to controlled envi¬ 
ronment chambers ventilated with CFA for 1 more week (c) or wound-inoculated 
with B. cinerea and stored for 1 week (d) where the fruit were maintained at 13 °C, 
95% RH in the dark. 

2. Materials and methods 

2.1. Plant material and experimental design 

Mature, organically-grown tomato fruit (L. esculentum Mill. cv. 
Carousel) were selected for uniformity in size (47-57 mm) and 
appearance, and the absence of physical defects. To determine 
the influence of ozone exposure on disease development, tomato 
fruit were maintained in charcoal-filtered ‘clean air’ (CFA) for 
1 week prior to transferring batches of fruit to CFA or ozone 
(0.05 p,mol mol -1 ) for 1 more week (Fig. la). In a second set of 
fruit (Fig. lb), replicate batches of fruit (exposed as in Fig. la) 
were wound-inoculated with B. cinerea prior to ozone-enrichment 
with a mycelial plug (2.5 mm diameter) removed from the advanc¬ 
ing margins of a 3-day-old culture of B. cinerea. To investigate 
‘memory effects’, a third batch of fruit (Fig. lc) was exposed to 
ozone (0.05 p,mol mol -1 ) for 1 week, then transferred to controlled 
environment chambers ventilated with CFA. A forth batch of fruit 
(Fig. Id) was exposed to CFA or ozone (0.05p,molmol~ 1 ) for 1 
week then wound-inoculated with B. cinerea prior to transfer to 
controlled environment chambers ventilated with CFA where the 
fruit were maintained at 13 °C, 95% RH in the dark. Afterwards, fruit 
tissue was frozen in liquid nitrogen and stored at -80 °C prior to 
protein extraction. In wounded fruit, plant tissue was sampled from 
the opposite side of the wound (i.e. ‘healthy tissue’), as our aim 
was to check the systemic response of fruit to ozone and not the 
direct response to wounding/pathogen. The fumigation system was 
described in previous studies (Tzortzakis et al., 2007). 

2.2. Protein extraction 

A phenol (Phe)-based extraction procedure was adapted 
from that described by Saravanan and Rose (2004). Five grams 
of frozen plant tissue were finely powdered in liquid nitrogen 
using a pestle and mortar prior to resuspension in 15mL of 
extraction buffer [buffer 1: (1%, w/v polyvinylpolypyrrolidone 
(PVPP), 0.7 M sucrose, 0.1 M KC1, 0.5 M Tris-HCl pH 7.5, 500 mM 
EDTA, 1 mM phenylmethane-sulfonyl fluoride (PMSF) and 2%, 
v/v (3-mercaptoethanol)]. The mixture was homogenised (Ultra 
Turrax T25, IKA Labortechnik, Staufen, Germany) on ice in a fume 
hood (at ~2-3°C for 30 min in increments of less than 1 min to 
prevent sample warming) then an equal volume of Tris-HCl (pH 
7.5)-saturated Phe was added and the mixture re-homogenised on 
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ice for a further 30 min (at ~2-3 °C) prior to centrifugation (Sorvall 
RC-5B Plus, Dupont, Wilminghton, USA) at 12,000 xg for 30 min 
at 4°C. The upper Phe phase was removed and re-extracted two 
more times with extraction buffer 1 as above. Protein aliquots 
were precipitated from the final Phe phase using five volumes 
of saturated ammonium acetate in methanol. The operation was 
performed overnight at -20 °C prior to pelleting proteins via 
centrifugation at 4°C at 12,000 xg for 30min. The recovered 
pellets were washed with ice-cold methanol, followed by multiple 
washes (2-3 times) with ice-cold acetone, dried on ice in a flow 
of nitrogen and stored to -80 °C prior to protein analysis. Protein 
concentration was quantified using the method of Bradford (1976), 
employing BSA as standard at 595 nm. Protein determination was 
also checked by employing bicinchoninic acid (BCA) protein assay 
at 562 nm (Smith et al., 1985). 

2.3. SDS-PAGE analysis 

One-dimensional SDS-PAGE analysis was carried-out with 
pre-casted gels using DeStreak rehydration solution (Cat. No.17- 
6003-19; Amersham Biosciences, Uppsala, Sweden). Solubilised 
proteins (30 p,g protein per lane) were separated on 12% SDS-PAGE 
gels (21 cm x 25 cm x 0.15 cm) withanEttan Dalt six-gel apparatus 
(Amersham Biosciences, Uppsala, Sweden) at 100 V for approxi¬ 
mately 15h. The gels were stained with silver stain (as described 
below) and image analysis performed with a Fluor-S™ Multi- 
Imager (BioRad, Hercules, CA, USA). For calibration of molecular 
masses, protein marker (14-200 kDa; Invitrogen, Paisley, UK) was 
used. All one-dimensional SDS-PAGE gels were repeated 4 times 
per treatment. 

2.4. 2D gel electrophoresis, first and second dimension separation 
of proteins 

2.4A. First dimension separation 

Dried protein precipitate was solubilised in DeStreak rehy¬ 
dration solution (Amersham Biosciences, Uppsala, Sweden), and 
55 |xg of total protein was used for isoelectric focusing (IEF) in 
a 4-7 pH gradients. DeStreak rehydration solution (340 p,L) con¬ 
taining 0.5% carrier ampholytes immobilised pH gradient (IPG) 
buffer (4-7) (Amersham Biosciences) and IPG cover fluid (Amer¬ 
sham Biosciences) were used for IEF. Immobilised pH gradient 
strips (180 mm x 3 mm 4-7, Amersham Biosciences) were allowed 
to rehydrate for 14 h at 20 °C in strip holders without voltage. 
Proteins were focused at 20 °C in an IPGphor electrophoresis 
unit (Amersham Biosciences), using a four-step procedure, follow¬ 
ing manufacture instructions (Amersham Biosciences). Isoelectric 
focusing was completed when an accumulated voltage of 35,300 Vh 
was reached. 

2.4.2. Second dimension separation 

After focusing, proteins were reduced by incubating (equili¬ 
brating) IPG strips in equilibration buffer [6M urea, 30% (v/v) 
glycerol, 2% (w/v) SDS, and 1.5 M Tris-HCl, pH 8.8] including DTT 
(3.5 mg mU 1 ) for 15 min and alkylated for 15 min at room tempera¬ 
ture with (45 mg mL _1 ) iodoacetamide in the same buffer following 
the addition of a few grains of bromophenol blue. 

The strips were placed on the top of a 12% SDS-PAGE gel 
(21 cm x 25 cm x 0.15 cm) containing; 40% (v/v) of 30% (w/v) acry- 
lamide/Bis solution (Bio-Rad Laboratories, Hercules, CA, USA); 25% 
(v/v) buffer [1.5M Tris (pH 8.8), 10% (w/v) SDS]; 0.5% (v/v) of 
10% (w/v) ammonium persulphate (APS); 0.09% (v/v) N,N,N',N'- 
tetramethyethylenediamine (TEMED) and covered with a layer of 
agarose (0.5% agarose in SDS running-buffer) (25 mM Tris, pH 8.3, 
192 mM Glycine, 0.1% SDS). Ettan Dalt six gel system (Amersham 
Biosciences) was employed for 2D electrophoresis, using lx SDS 


running buffer for the bottom (anode side) and 2 x for the top (cath¬ 
ode side) of the acrylamide gels. Electrophoresis was performed 
at 1.5 W per gel for c. 20 h until the bromophenol dye front had 
migrated to the bottom of the gel. For calibration of molecular 
masses, protein marker (14-200 kDa; Invitrogen, Paisley, UK) was 
used. Several extracts were made from tomato fruit and at least 
three electrophoretic separations were performed per treatment. 

2.5. Silver staining 

Trials employing Coomassie Brilliant Blue R-250 to stain gels 
resulted in poor protein definition (unpublished data), so all fig¬ 
ures and analysis were restricted to silver-stained gels. Proteins 
were detected by silver staining using SilverQuest™ Silver Staining 
Kit (Cat. No: LC6070; Invitrogen, Paisley, UK). Gels were incubated 
overnight in a fixative solution (40% (v/v) ethanol; 10% (v/v) acetic 
acid made with ultrapure water; >18.2 m£2 Millipore water) with 
gentle rotation, then incubated with 30% (v/v) ethanol for 10 min. 
Gels were then incubated in sensitising solution (30% (v/v) ethanol; 
10% (v/v) sensitiser) for 10 min, in 30% (v/v) ethanol for 10 min 
and washed with ultrapure water (>18.2 m£2 Millipore water) for 
10 min. Gels were stained in 1% (v/v) Stainer solution for 15 min 
prior to washing with ultrapure water for 25 s. Colouration was 
developed within 6-15 min of incubation in developer solution 
(10% (v/v) developer plus one drop of enhancer). Stain develop¬ 
ment was stopped by the addition of lOmL of stopper solution 
plus 10 min incubation. Finally, gels were washed with ultrapure 
water for 10 min. Throughout the whole staining procedure gels 
were treated separately in 200 mL of each solution. 

2.6. Image analysis 

Once stained, 2D gels were scanned with a UV/visible transmis¬ 
sion scanner (ProXPRESS 2D, PerkinElmer, Boston, USA). Prior to 
the final scan, all gel images (16-bit) were scanned at 100 |xm reso¬ 
lution for 1 s to ensure that the image intensity was linear between 
15,000 and 55,000 units. Gel image analysis was performed using 
Progenesis image analysis software (Nonlinear Dynamics, Durham, 
NC, USA) using a semiautomated procedure, with manual cor¬ 
rection and editing of spot features created by automatic default 
spot analysis settings. For comparison of different gel images, the 
false-colour overlay function incorporated within this software was 
utilised. In the overlay mode the spots of the reference gel (control: 
average of three) were displayed in magenta (<-1.5-fold) while the 
spots in the second gel (treated: average of three) were displayed 
in green (>1.5-fold). Overlaid matching spots appear black due to 
the complementary pseudocolour display, with no matching spots 
remaining magenta or green. Gels were cropped to remove areas 
of no interest, averaged in groups, the background removed, spot 
detection synchronised and then normalised to the average gels. 

2.7. Mass spectrometry (MS) analysis and protein sequence 
determination 

Protein spots were excised from 2D gels using an Ettan spot 
picker (Amersham Bioscience). The gel plugs were washed and 
sequentially incubated with reducing and alkylating reagents and 
with modified trypsin (Promega, Madison, WI, USA). Peptides 
were eluted from ZipTipcis and re-extracted in 50 p,L 50% (v/v) 
acetonitrile (ACN)/0.1% (v/v) trifluoroacetic acid (TFA), prior to 
evaporation in a Speedvac (ThermoSavant, Milford, MA, USA) to 
5 p,L or 10p,L and mixed with an equal volume of lOmM alpha- 
cyano-4-hydroxycinnamic acid (CHCA), and spotted directly on a 
MALDI target plate. Peptide mass fingerprinting was conducted 
using a low-resolution linear MALDI-time-of-flight (MALDI-TOF) 
mass spectrometer (Voyager-DE™ STR, Applied Biosystems, Foster 
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city, CA, USA). Mass spectra were recorded in positive reflector 
mode at a maximum accelerating potential of 20 kV in both manual 
and automatic modes. Mass spectra were obtained by averaging 
1000 laser shots. External calibration of the standard spectra was 
performed using trypsin autolysis products (calibration ‘Mixture 
2’; Applied Biosystems, Foster city, CA, USA). Spectra were analysed 
and peak-lists generated using Data Explorer 4.0 Spectrum Anal¬ 
ysis software, prior to database searching with MASCOT software 
(Matrix Science, London, UK). Peptide mass data were analysed for 
corresponding protein matches in the National Centre of Biotech¬ 
nology Information (NCBI), Swiss-Prot and the tomato gene index 
(http://compbio.dfci.harvard.edu/cgi-bin/tgi/gimain.pl?gudb=tomato) 
from The Institute for Genome Research (T1GR) primary sequence 
databases (compares peptide sequences and their theoretical 
fragmentation patterns with a given MS/MS protein profile) with 
50 ppm mass accuracy and 0-2 peptide cleavage site-settings on 
the MASCOT search engine. The database ranks matched proteins 
according to the molecular weight search (MOWSE) score, the mass 
error margin and the sequence coverage by matched peptides. 

The MOWSE score is a molecular weight scoring algorithm which 
provides an indication of the certainty of identification; the higher 
the score, the more confidence in identification and additional 
experimental confirmation conducted in case of multiple matches 
employing Mr and pf of the protein, based on 2DE studies with 
plants of the same family (including N. tabacum L. and S. tuberosum 
L). 



1 

2 


3 


4 


2.8. Statistical analysis 

Silver-stained spots were quantified on the basis of their vol¬ 
ume after gel normalisation and background subtraction, and 
significance differences determined using t-test or non-parametric 
Wilcoxon tests. 



Fig. 2. Impacts of atmospheric ozone-enrichment (0.05 pmolmoH) and/or 
wound-inoculation with B. cinerea on protein content of tomato fruit. SDS-PAGE 
gels were silver stained. Labelled arrows indicate shifts in proteins. 


3. Results 


3. J. Impact of ozone-enrichment and/or wound-inoculation with 
B. cinerea on protein yield 


fruit were removed from an ozone-enriched atmosphere. Further 
protein analyses were conducted using two-dimensional gels fol¬ 
lowed by protein identification using MALDI-TOF spectrometry. 


Quantitative comparison of protein yield employing Bradford 
and BCA assays was conducted in tomato fruit subjected to ozone 
and/or wound-inoculation with B. cinerea are summarised in 
Table 1. Atmospheric ozone-enrichment was shown to signifi¬ 
cantly (P< 0.05) increase protein yield (27-50%) in comparison with 
fruit maintained throughout in CFA, but the effect did not persist 
when fruit were removed from an ozone-enriched atmosphere. 
This effect was mainly due to an increase in large proteins (>45 kDa, 
Fig. 2). A similar pattern of change in protein content was observed 
in wound-inoculated fruit treated with ozone. 

3.2. Impacts of atmospheric ozone-enrichment and/or 
wound-inoculation with B. cinerea on protein composition of 
tomato fruit visualised by one-dimensional SDS-PAGE 

To see if ozone treatment and/or wound-inoculation with B. 
cinerea resulted in significant change in protein composition of 
the fruit, protein profiles were established using one-dimensional 
SDS-PAGE prior to two-dimensional gel electrophoresis and com¬ 
pared between treatments. Although the amount of proteins loaded 
on the gel varied slightly for the different treatments there were 
clearly identifiable differences in protein profiles (as shown in 
Fig. 2), suggesting significant changes in protein composition of 
the fruit tissue subjected to ozone and/or wound-inoculation with 
B. cinerea. Thus, atmospheric ozone-enrichment was shown to sig¬ 
nificantly (P<0.05) increase protein yield in comparison with fruit 
maintained throughout in CFA, but the effect did not persist when 


3.3. Impacts of atmospheric ozone-enrichment and/or 
wound-inoculation with B. cinerea on protein composition of 
tomato fruit visualised by two-dimensional gel electrophoresis 

The same samples subjected to one-dimensional SDS-PAGE 
(Fig. 2) were evaluated by two-dimensional gel electrophoresis. 
Two-dimensional gel electrophoresis allowed the resolution of up 
to 218 protein spots per gel (Table 2). Small and weak spots, plus 
those not consistent between gels, were disregarded (spot filter¬ 
ing). 

Preliminary efforts to optimise the pi range for 2D gels indicated 
a narrow (4-7) linear range in pi resulted in the best resolution 
of protein species, allowing the analysis of more than 80% of the 
proteins visualised within the 3-10 pi range (data not shown). 
Gels revealed a broad distribution in protein composition in ozone- 
treated and/or wound-inoculated tomato fruit both in terms of size 
(10,000-110,000 Daltons) and pi values. 

Atmospheric ozone-enrichment and/or wound-inoculation 
with B. cinerea resulted in marked shifts in the tomato proteome. As 
shown in Fig. 3 a strong shift in tomato proteome was transiently 
induced in fruit exposed to ozone for 1 week compared to equal fruit 
maintained in ozone-free air (Fig. 3A). Transfer of ozone-treated 
fruit to “charcoal-filtered” air for 1 week reversed the proteome 
shift induced by ozone (Fig. 3B). Similarly, fruit wound-inoculated 
with B. cinerea have shown a marked shift in the proteome (Fig. 4Aa) 
compared to the control (Fig. 3Aa). This shift lasted for at least 2 
weeks post inoculation (Fig. 4Ba). Interestingly, ozone-treatment 
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Table 1 

Impacts of atmospheric ozone-enrichment (0.05 pmol mol -1 ) and/or wound-inoculation with B. cinerea on protein content of tomato fruit. Values represent means (±SE) of 
three-to-four independent measurements per treatment. Values in adjacent columns (i.e. for individual assays) bearing the same superscripts show no significant difference 
at the 5% level. 


Treatment 

Protein yield (|xgg -1 f.wt) 





Bradford assay 


BCA assay 



CFA 

Ozone 

CFA 

Ozone 

(A) Sustained ozone-enrichment 3 

(B) Sustained ozone-enrichment + fungi 

(C) Ozone-induced ‘memory’ effect 

(D) Ozone-induced ‘memory’ effect + fungi 

140.8 ± 5 b 

150.1 ± 7 b 

203.7 ± 6 3 

206.1 ± 12 3 

178.5 ± 4 3 

224.0 ± 4 3 

198.4 ± 3 3 

219.7 ± 10 3 

97.8 ± 4 b 

112.5 ± 18 b 

143.7 ± 24 3 

138.4 ± 35 3 

152.1 ± 2 a 

153.2 ± 39 a 
116.8 ± 12 a 
147.4 ± 24 3 

3 Capital letters are referring to experimental treatments mentioned in Fig. 1. 




Table 2 

Impacts of atmospheric ozone-enrichment (0.05 (jimol mol -1 ) and/or wound-inoculation with B. cinerea on proteins levels of tomato fruit evaluated on 2D gels. Values 
represent means (±SE) of three-to-four independent measurements per treatment. Values bearing the same subscript in individual columns are not significantly different at 
the 5% level. Values in parenthesis represent shifts (compared to CFA) of individual proteins by at least 1.5-fold. 

Number of protein spots 

Increased 

Decreased 

Novel 

Total 

(A) Sustained ozone-enrichment 3 

(B) Sustained ozone-enrichment + fungi 

(C) Ozone-induced ‘memory’ effect 

(D) Ozone-induced ‘memory’ effect + fungi 

54 ± 19 a (37) 

98 ± 10 a (0) 

63 ± 56 a (2) 

98 ± 18 a (11) 

83 ± l a (11) 

60 ± ll a (32) 

155 ± 56 a (97) 

69 ± 18 a (16) 

51±19 a (-) 

28±l ab (-) 

1 ±l b (-) 
o b (-) 

137 ± 19 b (48) 
158 ± 0 b (32) 
218 ± 0 a (99) 
167 ± l b (27) 


a Capital letters are referring to experimental treatments mentioned in Fig. 1. 


suppressed the proteome shift induced by wound-inoculated B. 
cinerea ( Fig. 4Ab). The effect of ozone on the suppression of the pro¬ 
teome shift caused by the wound-inoculated B. cinerea lasted for at 
least 1 week after transfer of ozone-treated fruit to charcoal-filtered 
air (Fig. 4 Ba). 


In order to probe the impacts of atmospheric ozone-enrichment 
among the treatments (see Figs. 3 and 4) in greater detail, 41 pro¬ 
tein spots were selected for peptide fingerprinting (Fig. 5). Fifteen 
of these proteins were identified, eight from tomato (L esculentum 
L.), one by similarity to the corresponding protein from potato (S. 


A 


a 


Sn stain ed oz on e enriclim ent 

4_Pi t l 4_el 



B 


Ozone-induced ‘memory’ effect 



Fig. 3. Two-dimensional gels (pi 4-7) illustrating the protein composition of tomato fruit maintained in (a) charcoal-filtered ‘clean air’ (controls) or (b) sustained atmospheric 
ozone-enrichment at 0.05 ixmolmol -1 (ozone-treated) for 1 week (A) or transferred/stored for 1 more week to ‘clean air’ following treatment to test for ozone-induced 
‘memory’ effect (B). 
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Fig. 4. Two-dimensional gels (pi 4-7) illustrating change in protein composition of tomato fruit after wound-inoculation with B. cinerea and maintained in (a) charcoal-filtered 
‘clean air' (controls) or (b) subjected to sustained atmospheric ozone-enrichment 0.05 pimol mol -1 (ozone-treated) for 1 week (A). Second batch of fruit were maintained in 
(a) charcoal-filtered 'clean air’ (controls); (b) subject to sustained atmospheric ozone-enrichment 0.05 p,mol moH (ozone-treated) for 1 week then wound-inoculated with 
B. cinerea and transferred/stored for 1 week to ‘clean air’ following ozone-induced 'memory' effect (B). 



Fig. 5. Two-dimensional gels (pi 4-7) illustrating differential protein composition of 
tomato fruit maintained in charcoal-filtered 'clean air' (controls) or sustained atmo¬ 
spheric ozone-enrichment (0.05 p.mol mol 1 ) for 1 week then wound-inoculated 
with B. cinerea and transferred/stored for a week in ‘clean air’. 2D-DIGE with controls 
labelled in magenta and ozone-treated labelled in green. Black spots indicate protein 
expression within 1.5-fold. Numbers refer to spots selected for detailed analysis. 


tuberosum L.) t two from rice (O. sativa L.), three from A thaliana and 
one from Pisum sativum L (see Table 3). However there had to be 
some reliance on spot identification made by Saravanan and Rose 
(2004) and Casado-Vela et al. (2005) during their studies inves¬ 
tigating responses to heat-stress or blossom-end rot in tomato 
fruit. 

In order to identify the pattern of metabolic shifts induced 
by atmospheric ozone-enrichment and/or wounding/fungal attack, 
identified proteins have been grouped according to their func¬ 
tional association (Table 4). The first group comprises constitutive 
proteins such as chaperonin 21 (CPN21), malate dehydrogenase 
(MDH) and dehydrin (DHD). The second group comprises pro¬ 
teins allied to signalling and antioxidative metabolism including 
superoxide dismutase (SOD), thioredoxin peroxidase (TPX), 1N2-1 
glutathione transferase (IN2-1), ascorbate peroxidase (APX1) and 
1-aminocyclopropane-l-carboxylate oxidase (ACO). A third group 
comprises enzymes associated with carbohydrate metabolism and 
the pentose phosphate pathway, including inorganic pyrophos¬ 
phatase (PPase), invertase (INV) and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH). The fourth group comprises proteins 
associated with terpenoid and flavonoid biosynthesis including 
farnesyl pyrophosphate synthase (FPS) and dihydroflavonol-4- 
reductase (DFR). The fifth group comprises proteins that are 
associated with plant stress responses including protease-like pro¬ 
tein (ULP) and 3-methylcrotonyl CoA carboxylase (3-MCC). Protein 
expression was differentially affected by respective treatments (see 
Table 5). 
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Table 3 

Putative identification of proteins responsive to atmospheric ozone-enrichment (0.05 [imol mol -1 ) and/or wound-inoculation with B. cinerea. 


Spot no. 

pi exp./ 

Mr exp./ 

Database 3 

Score/ 

Gene indices (gi) no/ 

Identification, putative function, 


theor. 

theor. 


seq. cov./pept. match 

accession no 

species/EC b 

1 

6.76/ 

13,398/ 

S 

2.09E + 04/ 

gi:134,682/P14831 

Superoxide dismutase (Cu-Zn), chloroplast 


5.70 

22,228 


45/6 


precussor, L esculentum/\A5AA 

2 

5.77/ 

15,845/ 

N 

1.9E + 02/ 

gi:2935459/AAC73051 

Farnesyl pyrophosphate synthase, 


5.07 

16,660 


38/9 


synthesis of farnesyl pyrophosphate, L. 
esculentum/ 2.5 .1 .1 

3 

5.37/ 

15,321/ 

N 

1.3E + 02/ 

gi:19386765/BAB86146 

Ulpl protease-like, O. satz'va (japonica 


5.36 

9735 


39/3 


cultivar-group)/ 

4 

5.62/ 

20,905/ 

N 

61/ 

gi:7446589/T06811 

Dehydrin 2, P. sativum 


6.50 

27,100 


52/ 



5 

5.82/ 

21,305/ 

N 

4.65E + 03 / 

gi:30841938/AAP34571* 

Thioredoxin peroxidase, L. 


6.10 

19,860 


41/17 


esculentum /l.ll.l.- 

11 

5.82/ 

29,202/ 

N 

6.59E + 05 / 

gi:7331143/AAF60293* 

Chaperonin 21 precursor, L esculentum 


6.80 

26,562 


55/12 



13 

5.24/ 

30,701/ 

N 

6.59E + 05/ 

gi:7331143/AAF60293" 

Chaperonin 21 precursor, L. esculentum 


6.80 

26,562 


55/12 



14 

5.50/ 

30,650/ 

N 

3.9E + 03/ 

gi:18201653/AAL65397 

3-Methylcrotonyl CoA carboxylase 


6.10 

22,467 


24/4 


biotin-containing subunit (fragment)-O. 
sativaj 

15 

4.96/ 

31,589/ 

T 

2.81E +10/ 

gi:22655240/TCl 15830* 

IN2-1 glutathione transferase, A. 


5.20 

29,969 


64/14 


thaliana/2.5AA8 

17 

4.96/ 

34,610/ 

T 

2.22E + 04 / 

gi:11358468/T49933‘ 

Inorganic pyrophosphatase, A. 


5.81 

33,056 


34/9 


thaliana/ 3.6 .1 .1 

19 

5.97/ 

36,141/ 

T 

6.73E + 11/ 

gi:21388544/CAD33240* 

Putative NAD-dependent malate 


8.80 

39,619 


61/17 


dehydrogenase, S. tuberosum/ 1.1.1.37 

20 

6.18/ 

36,840/ 

T 

6.73E + 11/ 

gi:21388544/CAD33240* 

Putative NAD-dependent malate 


8.80 

39,619 


61/17 


dehydrogenase, S. tuberosum /1.1.1.37 

21 

6.41/ 

36,905/ 

T 

6.73E + 11/ 

gi:21388544/CAD33240‘ 

Putative NAD-dependent malate 


8.80 

39,619 


61/17 


dehydrogenase, S. tuberosum/ 1.1.1.37 

25 

6.81/ 

44,269/ 

N 

3.0E - 04/ 

gi:2078298/AAB54003 

Glyceraldehyde 3-phosphate 


5.93 

31,926 


26/7 


dehydrogenase, L. esculentum /1.2.1 .12 

29 

5.51/ 

46,863/ 

S 

78/ 

gi:119640/P10967 

1 -Aminocyclopropane-1 -carboxylate 


5.60 

41,501 


26/ 


oxidase homolog (protein E8), L. 
esculentum /\. 14.17.4 

31 

5.24/ 

50,829/ 

N 

63/ 

gi:l 5223049/NP_l 72267 

L-Ascorbate peroxidase 1 cytosolic, A. 


5.70 

27,800 


26/ 


thaliana 

32 

5.39/ 

50,274/ 

N 

6.1E + 02/ 

gi:410490/CAA791549 

Dihydroflavonol-4-reductase, L. 


6.20 

42,717 


19/5 


esculentum /1 .1 .1.219 

35 

5.26/ 

55,898/ 

N 

75/ 

gi:384332/ 

Invertase, L. esculentum/ 3. 2 . 1.26 


5.50 

70,200 


28/ 

1905419A* 



Proteins labelled according to Casado-Vela et al. (2005) (*) and Saravanan and Rose (2004) ( # ). Protein analysis failed for spots 6-10,12,16,18, 22-24, 26-27, 30, 33-34, 
36-41. 

a Database search corresponds to (S) Swiss-Prot, (N) NCBI and (T) TIGR. 
b EC corresponds to the enzyme classification number. 


Table 4 

Identified protein grouped according to function. 


Group 

Identification/putative function 

Abbreviations 

(1) Constitutively expressed 

Chaperonin 21 

CPN21* 


NAD-dependent malate dehydrogenase 

MDH* 


Dehydrin 

DHD 

(2) Signalling and antioxidative metabolism 

Cu-Zn Superoxide dismutase 

SOD 


Thioredoxin peroxidase 

TPX* 


IN2-1 glutathione transferase 

IN2-1* 


Ascorbate peroxidase 

APX1 


1 -Aminocyclopropane-1 -carboxylate 

Oxidase 

ACO 

(3) Carbohydrate 

Glyceraldehyde 3-phosphate 

GAPDH 

metabolism and pentose 

dehydrogenase 

PPase* 

phosphate pathway 

Inorganic pyrophosphatase 

Invertase 

INV* 

(4) Terpenoid and 

Farnesyl pyrophosphate synthase 

FPS 

flavonoid biosynthesis 

Dihydroflavonol-4-reductase 

DFR 

(5) Stress-associated 

Protease like - protein 

ULP 

function unknown 

3-methylcrotonyl CoA carboxylase 

3-MCC 


Proteins identified from 2DE run by Casado-Vela et al. (2005) (*) or Saravanan and Rose (2004) ( # ). 
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Table 5 

Impacts of atmospheric ozone-enrichment (0.05 pmol mol -1 ) and/or wound-inoculation with B. cinerea on levels of specific proteins in tomato fruit. 


Spot no. 

Protein 

Sustained 

ozone-enrichment 

Ozone-induced 
‘memory’ effect 

Sustained ozone- 
enrichment + fungi 

Ozone-induced 
‘memory’ effect + fungi 

11,13 

CPN21 

— 

1 

1 

1 

19,20,21 

MDH 

H 

1 

1 

- 

4 

DHD 

t 

1 

1 

1 

1 

SOD 

- 

- 

- 

1 

5 

TPX 

t 

1 

- 

- 

15 

IN2-1 

- 

- 

- 

- 

31 

APX 

- 

1 

- 

- 

29 

ACO 

- 

- 

1 

1 

17 

PPase 

- 

- 

- 

- 

35 

INV 

- 

1 

- 

- 

25 

GAPDH 

1 

1 

- 

- 

2 

FPS 

- 

1 

- 

- 

32 

DFR 

t 

- 

1 

- 

3 

ULP 

t 

- 

1 

- 

14 

3-MCC 

t 

- 

- 

- 


Protein expression ( 4 .) down-regulated (<- 1.5-fold}; (f) up-regulated (>1.5-fold) and (—) in unchanged behaviour within 1.5-fold. Numbering refers to spots selected for 
detailed analysis. 


4. Discussion 

The present study demonstrated that low-level ozone- 
enrichment results in marked changes in protein yield and 
composition in tomato fruit (see Tables 1 and 2). Wound/fungal- 
inoculation with B. cinerea, as a stress factor, resulted in a 7% 
increase in protein yield, and the down-regulation of 32 proteins. 
Ozone exposure markedly increased protein yield comparing with 
the equivalent control treatments, while ozone suppressed shifts 
in the proteome induced by wounding/fungal attack. However, the 
effect did not persist when fruit were removed from an ozone- 
enriched atmosphere. 

This is possible due to protein alteration/function changes, but 
this needs further investigation. 

Using a combination of 2DE, trypsin in-gel digestion, peptide 
mass fingerprinting, database search techniques and correspon¬ 
dence with the existing literature, 15 proteins of known function 
were tentatively identified. Most of the identified proteins were 
resolved as discrete spots on gels, but two proteins were resolved 
in two spots (chaperonin; CPN21) and another in three (malate 
dehydrogenase; MDH). Such multiplicity is consistent with the 
resolution of isoenzymes or post-translational modifications. Inter¬ 
estingly some proteins were expressed only in ozone-treated fruit 
(e.g. 3-MCC; spot 7 and 22) whereas others like SOD, which is 
involved in the detoxification of ROS, were expressed in fruit sub¬ 
jected to wounding/fungal attack. 

The majority of the identified proteins exhibited shifts in pro¬ 
tein expression in response to the treatments adopted in the 
present study, with only a few (such as IN2-1 and PPase) remaining 
unaffected. Inorganic pyrophosphatase involved in carbohydrate 
metabolism and IN2-1 are a group of related enzymes that hydrol¬ 
yse sucrose to hexose sugars contributing to tomato fruit quality, 
both in terms of flavour and acids (Iwahashi and Hosoda, 2000). 
Constitutively-expressed proteins (group 1; see Table 4) tended to 
be increased by ozone-treatment, but protein abundance tended to 
decline following transfer to ‘clean air' and/or wound-inoculation. 
These findings are generally consistent with the reported function 
of dehydrin in citrus as a scavenger of hydroxyl (Hara et al., 2005) 
and the perceived role of chaperonin in the optimal folding and 
protection of proteins under both normal and stress conditions 
(Ranford et al., 2000). 

A number of the identified proteins are involved in the control of 
cellular oxidative status. Proteins related to oxidative metabolism 
(e.g. TPX) were induced during ozone exposure, but suppressed 
following transfer to ‘clean air’ (e.g. APX1). However, rather sur¬ 
prisingly, the same batch of oxy-responsive proteins did not appear 


sensitive to wound-inoculation with B. cinerea. Ascorbate perox¬ 
idase is involved in the detoxification of intracellular H 2 O 2 and 
is induced in response to many environmental stresses including 
radiation, drought, wounding, mechanical damage, and extreme 
temperatures (Prasad et al„ 1994; Yahraus et al., 1995). It is also 
believed to respond, at least at the level of gene expression, to 
pathogen attack (Mittler and Zilinskas, 1992). Thioredoxin per¬ 
oxidase (a chloroplast-based protein) protects the photosynthetic 
machinery by reducing hydrogen peroxide (Prasad et al., 1994). 
Interestingly, and in accordance with the observed ozone-induced 
suppression of Aco 1 gene expression (Tzortzakis et al., 2011), 
ACO protein abundance was markedly reduced in ozone-treated 
tomato fruit. In contrast, and again in accordance with the observed 
shifts in Aco 1 gene expression induced by ozone in fruit subject 
to wounding/fungal attack (Tzortzakis et al., 2011), ACO protein 
abundance induced by wounding/fungal attack was suppressed by 
ozone-treatment, both during and following exposure to the gas. 
The ACOl enzyme plays an important role in the production of 
ethylene and the observed down-regulation of this enzyme under 
ozone suggests that reduced ethylene production might be part of 
the mechanism of ozone-increased fruit resistance to pathogens. 
In contrast, IN2-1 did not appear responsive to ozone-treatment, 
consistent with reported unresponsiveness of this protein to her¬ 
bicide treatments in maize (Zea mays L.) and soybean (Glycine max 
L. Merr.) (McGonigle et al., 2000), but at odds with the finding of 
Casado-Vela et al. (2005) who reported IN2-lb protein induction 
in tomato fruit in response to blossom-end-rot. 

Protein expression involved in terpenoid or flavonoid biosyn¬ 
thesis varied among the treatments. Indeed, farnesyl pyrophos¬ 
phate is a precursor of phytosterols, sesquiterpenoids, phytoalex¬ 
ins, and is involved in protein farnesylation, which plays an 
essential role in cell cycle progression (Chappell, 1995). Thus 
limitation in farnesyl pyrophosphate synthesis may affect the abun¬ 
dance of compounds essential in fruit growth and metabolism. 
Moreover, dehydroflavonol-4-reductase catalyses the last step in 
the flavonoid-biosynthesis pathway leading to anthocyanins and 
proanthocyanidins (Moyano et al., 1998). 

Although there is a growing volume of literature dealing with 
the molecular genetics underlying bacterial- and fungal-plant 
pathogenesis (Hensel and Holden, 1996; Tzortzakis et al., 2011), 
few studies have addressed proteome modifications associated 
with such interactions (see Konishi et al„ 2001; Rep et al., 2002). 
Recently, proteomic analysis has been widely used to explore 
the mechanism of resistance of various fruit induced by different 
exogenous factors in response to fungal pathogens, for example, 
peach induced by salicylic acid (SA) and yeast (Chan et al„ 2007) 
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and sweet cherry induced by SA (Chan et al., 2008). Several stud¬ 
ies report differential protein expression in susceptible host plants 
(Mehta and Rosato, 2001; Tahara et al., 2003), with one particu¬ 
lar study of the plant pathogen Xylella fastidiosa revealing major 
changes in cellular and extracellular bacterial proteins, including 
toxins, adhesion-related proteins, antioxidant enzymes and pro¬ 
teases (Smolka et al., 2003). 

In the present investigation, a 2DE approach was suc¬ 
cessfully employed to profile differential display patterns in 
proteins induced or post-translationally modified following expo¬ 
sure of tomato fruit to low level atmospheric ozone-enrichment 
(0.05 pimol mol -1 ) and/or wound-inoculation with B. cinerea. Our 
study highlights the importance of responses to oxidative stress 
in the protection of fresh produce against pathogens and suggests 
that down-regulation of ethylene signalling might slow pathogen 
growth on fresh produce. 
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